Regulatory factors must contend with chromatin structure to function. Although nucleosome structure and position on promoters can be important in determining factor access, the intrinsic ability of factors to bind to nucleosomal DNA might also play an essential regulatory role. We have used templates where nucleosomes were either randomly positioned or rotationally phased to demonstrate that two transcription factors, heat shock factor (HSF) and GAL4, differ significantly in their ability to bind to nucleosomes. GAL4 was able to bind to nucleosomal templates. Surprisingly, in contrast to its behavior on naked DNA, GAL4 bound better to multiple GAL4 sites than to a single GAL4 site on these templates. HSF alone was not able to bind to nucleosomal templates. HSF was able to bind to nucleosomal templates, however, when the TATA-binding factor TFIID was present. Consequently, binding to nucleosomal templates could be facilitated by adjacent binding of the same protein in the case of GAL4 but required binding of a second protein in the case of HSF. Taken together, these data demonstrate that regulatory factors differ in their inherent ability to bind to nucleosomal templates. These differences are likely to be important to the function of these factors in vivo.
Genomic DNA is compacted into chromatin, the basic unit of which is the nucleosome. Genetic and biochemical studies have revealed that nucleosomes can repress transcription initiation, presumably by inhibiting the formation of an initiation complex by basal factors at the TATA-cap site and by interfering with the ability of regulatory factors to bind to specific sequences (Knezetic and Luse 1986; Lorch et al. 1987; Clark-Adams et al. 1988; Han and Grunstein 1988; for review, see Elgin 1990; Wolffe 1990 ). For regulated transcription to occur, this repression must be overcome by both the basal and regulatory transcription factors. This raises the question as to how these proteins recognize specific sequences when those sequences are located in a nucleosome.
Several mechanisms that allow access of proteins to chromatin have been proposed (for review, see Svaren and Chalkley 1990; Wolffe 1990 ). Most of these involve alteration of the nucleosomal array. For example, on the PHO5 and mouse mammary tumor virus (MMTV) promoters, the precise positioning of nucleosomes is thought to ensure access by placing a required site in a nucleosome-free linker region or by aligning a required site such that it is on the side of the DNA duplex di-'Corresponding author.
rected away from the surface of a nucleosome Richard-Foy and Hager 1987; Perlmann and Wrange 1988; Pina et al. 1990; Archer et al. 1991) . Binding of regulatory factors to such sites has been hypothesized to alter nucleosomal structure in a manner that allows other factors to bind Cordingley et al. 1987; Pina et al. 1990) . Another model suggests that the process of DNA replication might disorganize chromatin structure temporarily as nucleosomes associate with either newly synthesized daughter strand. Thus, transcription factors might have relatively free access to the DNA immediately after replication (Brown 1984; Wolffe and Brown 1988) . Binding of some factors to their recognition sequences might then physically exclude the reformation of nucleosomes over those regions and thereby maintain accessibility to additional factors. A phenomenon that these mechanisms must explain is the ability of inducible regulatory factors to bind rapidly to their sites at times other than immediately after replication.
Heat shock promoters, for example, must be available for immediate induction when a cell is stressed. Footprinting studies of Drosophila and human hsp70 genes in intact nuclei have shown that in the absence of stress the promoter regions are accessible to nucleases (hypersen-sitive; Wu 1980; Brown et al. 1988; Abravaya et al. 1991 ). This hypersensitivity is interpreted as being the result of an absence of nucleosomes (for review, see Elgin 1988; Gross and Garrard 1988) . Footprinting studies have demonstrated that factors are constitutively bound to the TATA region of both the human and Drosophila hsp70 promoters in vivo (Wu 1984; Abravaya et al. 1991) . This suggests a possible involvement of these factors in creating an accessible, nucleosome-free region that allows rapid binding and transcriptional stimulation by the heat shock factor (HSF) upon induction.
A second example of rapid transcriptional induction is the activation of the yeast GAL1-GALIO genes by the transcription factor GAL4. GAL4 binds as a dimer to the upstream activating sequence (UA8~) situated between the divergent GAL1-GALIO promoters and stimulates transcription up to 1000-fold after galactose addition (Hopper et al. 1978; St. John and Davis 1981; West et al. 1984; Giniger et al. 1985; Carey et aI. 1989 and references therein) . The region of the dual promoter containing UAS G is free of nucleosomes, which are thought to be physically excluded by the yeast protein GRF2 which, in turn, also binds to UASc as well as to many other UAS regions (Lohr and Hopper 1985; Fedor et al. 1988; Chasman et al. 1990 ). In several situations, however, GRF2 binding is not required for GAL4 action (Webster et al. 1988; Fedor and Kornberg 1989; Chasman et al. 1990) , thus raising the question as to whether the ability of GRF2 to create a nuclease hypersensitive region at UASG is necessary for UASG function.
Although it is clear, therefore, that regulatory factors, such as HSF and GAL4, must bind rapidly to their recognition sequences in chromatin, it is not clear what role the factors themselves play in gaining access to nucleosomal DNA. Previous studies on this issue have focused largely on nucleosomal structure, arguing that either appropriate phasing of nucleosomes on a particular side of the helix or disruption of nucleosomal structure allows factors to interact with their binding sites. The theory we test here is that regulatory factors themselves might have dramatically differing abilities to bind to their recognition sequence on nucleosomal templates. These differences might allow certain factors to gain access to their sites on chromatin containing intact nucleosomes, whereas other factors might require prior alteration of the nucleosomal structure.
We have used purified transcription factors and an in vitro nucleosome assembly system to determine the effect that nucleosomes have on HSF and GAL4 binding. We show that GAL4 and human HSF have contrasting abilities to interact with their recognition site in a nucleosome. HSF demonstrated no ability to bind, whereas GAL4 bound quite readily. In addition, different mechanisms are used to facilitate binding of these factors to nucleosomal templates. Although the GAL4 protein is inherently able to bind to its site in a nucleosome, that binding is facilitated by the presence of multiple GAL4-binding sites on the nucleosomal template. In contrast, HSF requires prior binding of a second factor (in our experiments, TFIID) to create access to the heat shock element. These data provide insight into the mechanisms that these and other factors use to function in chromatin and suggest an important regulatory activity for the different DNA-binding motifs employed by sequence-specific upstream transcription factors.
Results
In this study we use an in vitro system to assemble a variety of DNA fragments containing binding sites for yeast GAL4 and human HSF into nucleosomes. This in vitro system employs a supernatant from heat-treated
Xenopus egg extracts as a source of nucleosome assembly factors (primarily nucleoplasmin). The Xenopus supernatants are supplemented with purified histones to generate a reconstituted system that will assemble exogenous DNA into nucleosomes during a 60-min incubation at 30°C (Laskey et al. 1978; Workman et al. 1991) . In control reactions, histones are omitted to demonstrate that they are required for the observed effects.
Nucleosome core particles assembled in this reconstituted system resemble those from cellular chromatin (Rhodes and Laskey 1989) . These reconstituted core particles sediment at llS on sucrose gradients (data not shown) and demonstrate a micrococcal nuclease limit digestion product of 145 bp (Workman et al. 1990 ). Furthermore, when DNA fragments containing artificial nucleosome positioning sequences are assembled into nucleosome core particles in this reconstituted system, a 10-base repeating hydroxy-radical cleavage pattern is seen that is indistinguishable from that observed with salt dialysis-assembled core particles (Shrader and Crothers 1989; I.C.A. Taylor and R.E. Kingston, unpubl.) . This repeat pattern is also observed after cleavage with DNase (see below). We have employed this system (in addition to salt dialysis assembly; see Fig. 2B ) because the nucleosome assembly components remain active during the analysis of factor binding. Thus, DNA fragments that might fortuitously dissociate from histones during binding studies may reassemble into nucleosomes. In addition, this system can efficiently assemble long DNA fragments into nucleosomes.
GAL4 binds to nucleosome-assembled templates
We first used mobility-shift analysis to determine the ability of GAL4 to bind to assembled templates. We analyzed several derivatives of GAL4, as we had shown in a previous study that transcriptional activation domains fused to GAL4 could help establish the basal transcription complex in competition with nucleosome assembly (Workman et al. 1991) . This raised the possibility that these activation domains might have some effect on the structure of nucleosomes that might be reflected by altered binding of these GAL4 derivatives to assembled templates. The derivatives were purified from overexpressing bacterial strains and include the DNA-binding domain of ] as well as acidic activation domains fused to the DNA-binding domain (GAL4--AH and GAL4--VP16; Giniger and Ptashne 1987; Sa-dowski et al. 1988; Carey et al. 1990a; Workman et al. 1991) . A 170-bp probe that contained five tandem repeats of the 17-bp GAL4-binding site was end-labeled and assembled into nucleosomes. This precise sequence has been shown to mediate potent transcriptional activation in both yeast and m a m m a l i a n systems (Giniger et al. 1985; Webster et al. 1988) . Note also that this probe is only long enough for a single nucleosome to form. The probe was either mock-assembled (Fig. 1A , -h i s t o n e s ) or nucleosome-assembled (+ histones) to form templates for binding with increasing amounts of each GAL4 derivative. The formation of a nucleosome is evidenced by a specific complex on mobility shift gels (e.g., lane 3) that sediments at 11S when analyzed by sucrose gradient analysis (data not shown; see Pina et al. 1990 ).
As GAL4(1-94) was added to naked DNA, each of the five sites became occupied until a low mobility complex formed that represents complete saturation of all the sites (Fig. 1A , lane 6). That complex migrated more slowly when the larger GAL4-AH and GAL4-VP16 derivatives were used (lanes 12 and 18, respectively). Interestingly, the GAL4 derivatives also were able to bind to the nucleosomal template. As each GAL4 derivative was added to the assembled probe, each of the five sites became occupied, forming complexes that had lower mobility than their counterparts on mock-assembled templates (e.g., cf. lanes 5 and 8). Correspondingly, when all of the sites became saturated, the resulting complex had a lower mobility than that with mock-assembled templates (e.g., cf. lanes 6-9, 12-15, and 18-21) . This latter effect is visualized more easily in Figure 1B , in which a similar experiment is resolved on a longer gel. This observation suggests that the complexes generated by GAL4 derivatives binding to assembled templates retain at least part of the nucleosome. We confirmed that the GAL4 protein was present in these ternary complexes by performing in situ 1,10-phenanthroline-copper ion footprinting (data not shown; Kuwabara and Sigman 1987) . Experiments similar to those shown in Figure 1 demonstrated that the GAL4 derivatives also were able to bind some-assembled {+ histones) templates as assayed by mobility shift. The probe (1.6 ng) is 170 bp and contains five tandem GAL4 17-mer DNA-binding sites. Lane 1 is a binding reaction with buffer; lanes 2-21 contain the Xenopus egg heat-treated supernatant containing nucleosome assembly factors. All reactions contained 100 ng of nonspecific plasmid as carrier DNA. Two hundred nanograms of HeLa core histones was added in marked lanes (+), resulting in formation of a nucleosome (lanes 3, 7, 13, and •9) . Tenfold increments of each GAL4 derivative were added to both mock-assembled (-histones) and nucleosomal templates. Total saturation of all the sites results in a single, low-mobility complex. Probe saturation occurs at 80 ng of GAL4(1-94) (lanes 6 and 9), 12 ng of GAL4-AH (lanes 12 and 15), and 29 ng of GAL4-VP16 (lanes i8 and 21 ). (B) An experiment similar to A except that the resulting complexes are resolved on a longer (22 cm) gel and frog histones (500 ng) are used. Amounts of proteins used: GAL4(1-94), 80 ng; GAL4-AH, 12 ng; GAL4--VP16, 29 ng.
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HSF is unable to bind to a nucleosomal template
We then tested the ability of a second regulatory factor, HSF, to bind to nucleosome-assembled templates. Human HSF was purified to homogeneity from HeLa cells (Schuetz et al. 1991) . A 195-bp fragment of the human hsp70 promoter containing the wild-type heat shock element (HSE) was end-labeled and either mock-assembled ( Fig. 2A, lanes 1-7) or nucleosome-assembled ( Fig. 2A,  lanes 8-14) , using the in vitro system. HSF binds to adjacent inverted repeats of the sequence nGAAn (Amin et al. 1988; Xiao and Lis 1988) , and the HSE used here has two perfect repeats and a third imperfect repeat (gGAAtaTTCccGACc). As decribed above, the labeled fragment is only long enough for a single nucleosome to form (lane 8). Increasing amounts of purified HSF were added to each set of reactions and allowed to interact with the templates for 30 min. HSF readily binds to the mock-assembled templates, forming a low mobility complex that saturates the probe at 20 ng of HSF. In contrast, when the template was completely assembled into a nucleosome, HSF was unable to bind to an HSE containing three nGAAn repeats even at 200 ng, as evidenced by the fact that no low mobility complex appears and that the nucleosome band remains approximately constant (there is a slight decrease in intensity of the nucleosome band at high levels of HSF that we believe to be caused by the addition of the detergent NP-40, which is in the HSF fractions). Note that there is some material that did not enter the gel when frog histone preparations were used to assemble nucleosomes (Figs. 1B and 2A ). This material was not seen when HeLa histone preparations were used (e.g. , Fig. 1A) ; therefore, HeLa histones were used in all subsequent experiments.
Because six inverted nGAAn repeats appear necessary to create an HSE that will function at a distance (Bienz and Pelham 1986; Greene and Kingston 1990) , we then tested binding of HSF to an assembled template containing six repeats. For this experiment, nucleosomal templates were gradient-isolated after being assembled by histone transfer from HeLa cell genomic nucleosome cores by salt dialysis ( Fig Figure 2. Human HSF cannot bind to nucleosomal templates. (A) A 195-bp labeled fragment (4 ng) containing a HSE with three nGAAn repeats was either mock-assembled ( -histones, lanes 1-7) or nucleosome-assembled (+ histones, lanes 8-14) with frog erythrocyte histones (500 ng). Reactions also contained 100 ng of pUC18 as carrier DNA. Purified human HSF (as indicated) was added and incubated for an additional 30 min at 30°C, and the resulting complexes were analyzed by mobility-shift assay. The position of the complexes formed by HSF binding to naked DNA is indicated, as is the position of the single nucleosome. (B) A 155-bp labeled fragment (from plasmid pGT/EHSE) containing a HSE with six nGAAn repeats was assembled into nucleosomes by histone transfer from HeLa nucleosome core particles at 2 M NaC1, followed by slow dialysis to 100 mM NaC1 (see Materials and methods). The subsequently gradient-purified nucleosomes were used directly in binding reactions {assembled) or after extraction of the histone proteins {naked). Binding reactions contained the amount of HSF indicated and were performed under conditions identical to those in A {except that the heat-treated egg supernatant was replaced with the appropriate buffer). The positions of the free probe {free), the nucleosome core particles (nucleosome), and the HSF-containing complexes (HSF) are indicated.
use as a naked DNA control (Fig. 2B , lanes 1-6). The input nucleosomal probe consisted of a mixture of assembled D N A ("nucleosome," Fig. 2B , lanes 7-12) and a small amount of free DNA that had dissociated from histones during the isolation procedure ("free"). At low concentrations of HSF, free D N A was shifted to an HSFcontaining complex. In contrast, even at high concentrations of HSF the intensity of the nucleosome band remained essentially constant, indicating that HSF could not bind to the extended HSE on the assembled probe. Taken together, these data demonstate that HSF could not bind to a nucleosomal template and that this lack of binding was not the result of inhibition by free histones. Thus, HSF and GAL4 differ in their ability to bind to nucleosome-assembled templates. DNase footprint analysis was used to further characterize these interactions.
Factor binding to nucleosome-assembled plasmid DNA
To determine the binding affinities of GAL4 and HSF for naked versus nucleosomal DNA, we performed binding titrations assayed by DNase I footprinting. A dissociation constant can be assigned using this protocol by determining the amount of a protein required for a halfmaximal footprint under conditions of limiting template concentration (Johnson et al. 1979; Brenowitz et al. 1986 ). In these experiments the templates were -3 0 0 0 bp in length. There is no evidence for precise positioning of nucleosomes on these extended templates. The lack of specific positioning makes it difficult to directly analyze the extent of nucleosome assembly; however, several lines of evidence argue that these templates are fully assembled. First, some histone-specific bands are evident in footprinting studies after nucleosome assembly of these templates. Second, micrococcal nuclease and template supercoiling assays performed under reaction conditions identical to those used here (i.e., 200 ng of HeLa core histones) assemble closed circular plasmid D N A into nucleosomes at a density of > 1 nucleosome per 200 bp of D N A (Workman et al. 1991 and data not shown). Furthermore, identical conditions and reagents were used in the previous mobility-shift experiments (Figs. 1 and 2), as well as in footprinting studies using probes that contain artificial nucleosome-positioning sequences (see below). Both analyses clearly show that the templates contain nucleosomes. A template containing either one or five GAL4-binding sites was assembled into nucleosomes, and binding by the GAL4--AH fusion protein was determined by DNase footprinting (Fig. 3) . With naked DNA, 1.2 ng (2 units, with 1 unit defined as the amount required to half-saturate the template) of GAL4--AH resulted in a virtually complete footprint on both the single (lane 3) and five (lane 15) GAL4 site probes, confirming that GAL4 does not bind to D N A cooperatively. When the single GAL4 site template was assembled into nucleosomes, significant protection of the site was observed at concentration) of a 3000-bp labeled fragment containing either one GAL4-binding site (ONE x 17-mer, lanes 1-12) or five sites (FIVE x 17-mer, lanes 13-24) were either mock-assembled (naked, lanes 1-6 and 13-18) or nucleosome-assembled with 200 ng of HeLa core histones (lanes 7-12 and 19-24) . Reactions also contained 100 ng of pUC-18 as carrier DNA. Increasing amounts of GAL4-AH were titrated onto each set of templates, and binding was assayed by DNase I footprinting. GAL4-AH amounts are described in units of binding activity, with 1 unit (0.6 ng) defined as the amount of protein required for a half-maximal footprint on naked DNA. The arrowhead marks a band within the footprint of the single GAL4 site on nucleosomal templates. The asterisks (*) denote the hypersensitive site that appears at 2 units of GAL4-AH (see text). The two panels are from the same exposure of the same gel.
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Interestingly, assembled templates containing five GAL4 sites bound GAL4--AH better than templates with one GAL4 site (Fig. 3, cf. lanes 19-24 with lanes 7-12) . Although hypersensitivity could also be observed on these templates at 2 units of GAL4-AH, a significant footprint was seen at 20 units of GAL4-AH and complete protection occurred at 200 units. Thus, GAL4 could bind to five sites in a nucleosome with a higher affinity than it binds to one site. Consistent with this observation, the affinity of GAL4-AH for a nucleosomal template with two GAL4 sites was intermediate to one and five sites (data not shown). Therefore, although the affinity of GAL4 to naked DNA is not affected by multimerization of binding sites, the affinity of GAL4 for nucleosomal templates is increased by multimerization of binding sites.
Consistent with the mobility-shift experiments (Fig.  2) , footprint titration experiments using 3000-bp templates demonstrated that HSF could not bind to nucleosomal DNA. Not even a partial footprint was seen at HSF concentrations 1000-fold higher than those needed for binding to naked DNA (Fig. 6, below) .
Factor binding to single rotationally phased n ucleosom es
The 3000-bp assembled templates contain nucleosomes that are not homogeneously positioned along the DNA. Thus, it is possible that the observed difference between HSF and GAL4 in binding to nucleosomal templates is merely a function of a difference in the positions of the nucleosomes on the probes. To address this possibility we constructed templates that placed a 20-bp artificial nucleosome-positioning sequence adjacent to the HSFand GAL4-binding sites. These positioning sequences (named GT; Shrader and Crothers 1989) are thought to create a bend in the DNA that encourages the rotational phasing of DNA on the surface of nucleosomes. In addition, to ensure that the binding elements were contained within the nucleosome, we centered the elements in fragments only long enough to form a single nucleosome (-150 bp) .
A 155-bp fragment containing the extended HSE adjacent to the positioning sequence was either mock-or nucleosome-assembled and used as a template for DNase footprinting. Rotational phasing of the nucleosome can be seen by comparing the DNase digestion pattern of the mock-versus the nucleosome-assembled reaction (Fig.  4A, cf. lanes 1 and 7) . DNA that is wrapped around a histone core has a 10-bp repeat of DNase-sensitive sites that results from the minor groove being accessible on the outside of the nucleosome core (Fig. 4A, C, asterisks) . When the minor groove faces inward toward the core, protection from DNase results (Fig. 4A, C, arrows) . Note that in our nucleosomal template this repeat pattern continues through the HSE, confirming that this binding site is in fact part of the nucleosome.
Increasing amounts of purified HSF were titrated into the mock-assembled (Fig. 4A, lanes 1--6 ) and the nucleosome-assembled (lanes 7-12) reactions. One nanogram of HSF (10 units, with 1 unit defined as the amount needed for a half-maximal footprint) gave a complete footprint on mock-assembled (naked) DNA (lane 3). No hint of binding was seen on a nucleosomal template, even at 1000 units of HSF (lane 12). Experiments with the MMTV promoter suggest that the orientation of the glucocorticoid receptor (GR)-binding site with respect to the surface of the histone core may be critical to allow binding of glucocorticoid receptor to a nucleosomal template (Richard-Foy and Hager 1987; Perlmann and Wrange 1988; Pina et al. 1990; Archer et al. 1991) . In light of this possibility we rotated the orientation of the optimized HSE relative to the histone core by altering the distance between the HSE and the positioning sequence by inserting 4 bp and deleting 4 and 12 bp (Fig.  4B) . In each case, identical results were obtained; HSF showed no inclination to bind to a nucleosomal template.
The artificial positioning sequence also succeeded in placing the single GAL4 site within a nucleosome as we observe a distinct DNase hypersensitive-protection repeat extending through the site in the 147-bp assembled templates (Fig. 5A, cf. lanes 1 and 7; Fig. 5B ). A titration with increasing amounts of GAL4-AH was performed with both mock-assembled (lanes 1-6) and nucleosomeassembled (lanes 7-12) templates. Again, 1.2 ng (2 units) of GAL4-AH gave a near-complete footprint on naked DNA. As was observed in Figure 3 , GAL4-AH was able to bind to the nucleosomal template, giving a significant footprint at 200 units and a complete footprint at 2000 units. Note that in contrast to results obtained with a randomly assembled template (Fig. 3) , no hypersensitive site appears at low (2 or 20 units) GAL4 concentrations. This observation supports the notion that the hypersensitivity reflected a subpopulation of molecules where the GAL4 site was either near the end of the nucleosomal DNA or in a linker region.
We altered the orientation of the GAL4 site with respect to the positioning sequence by inserting 4 bp and deleting 5 and 10 bp. Interestingly, GAL4-AH showed an equal ability to bind to all of these nucleosomal templates (data not shown), suggesting that the exact orientation of the 17-mer with respect to the histone core is not critical. GAL4 has been shown to contact the sugar phosphate backbone of the 17-mer at bases that cover a complete turn of the B-form double helix (Carey et al. EXTENDEDHsE I EHSE -~ -)6 -)6 ")6 TG G GAGTCGAAACTTCTG GAATATTCCCGAACTr TCAGCCCTCGACTCTAGAGGATCCACCCGA This probe [50 pg, 2 x 10-1L M final concentration) was either mock-assembled [naked, lanes 1-6) or assembled with 200 ng HeLa core histones {lanes 7-12). pUC 18 (100 ng) was included in each reaction as carrier DNA. Arrows mark sites that become protected upon nucleosome assembly; asterisks (*) denote sites that become hypersensitive to the DNase. These regions occur at 10-bp intervals, as confirmed by resolving a ladder of naked DNA cut at every base pair by hydroxy radicals in adjacent lanes (not shown}. HSF amounts are described in units, with 1 unit (0.1 ng) defined as the amount required for a half-maximal footprint on naked DNA {lane 3). (B) Footprinting on templates that rotate the extended HSE relative to the nucleosome-positioning sequence. Templates include labeled fragments from pGT/EHSE {lanes 1-7, see A); pGT/EHSE + 4 {lanes 8-12}, which has 4 bp inserted between the positioning sequence and the extended HSE; pGT/EHSE-4 [lanes 1,3-17) and pGT/EHSE-12 [lanes 18-22), which have 4 bp and 12 bp, respectively, deleted between the positioning sequence and the extended HSE. Fifty picograms (0.5 fmoles) of each probe, along with carrier DNA {100 ng), was either mock-assembled (N) or assembled into nucleosomes with 200 ng of HeLa core histones {A). Amounts of HSF added to the templates are described in units of binding activity. {C) A portion of the probe containing the extended HSE. Underlined bases show the core of each of the nGAAn inverted repeats. Asterisks {*) show bases hypersensitive to cleavage by DNase on nucleosomeassembled DNA and thus are positioned facing away from the nucleosome. Arrows are protected bases, facing in toward the nucleosome. [Footprint} The bases protected by HSF on naked DNA. The + / -symbol denotes where base-pair insertions and deletions were made to change the relative position of the EHSE in the nucleosome. The probe was labeled at the 3' end as depicted here. 1989). Thus, part of the region of the 17-mer contacted by GAL4 must always be on the outside of the nucleosome. The ability of GAL4 to bind regardless of the rotational position of the nucleosome might therefore be explained by postulating that GAL4 is equally capable of initiating binding at several base pairs on either side of the DNA helix.
Footprint
In summary, three different protocols (mobility-shift analysis and DNase footprinting on rotationally phased and nonphased nucleosomal templates) all demonstrate that HSF cannot bind to nucleosomal templates, whereas GAL4 is able to bind to these templates. Footprint titration experiments yielded a dissociation constant (Kd) of 4 4 x 10 -11 M for HSF on naked D N A ( Fig.   4A ; see Materials and methods). HSF has at least a 1000-fold lower affinity for nucleosomal templates {Fig. 4). The dissociation constant of GAL4 for either one site or five sites on naked D N A is -1 0 -9 M as calculated from titration experiments such as those decribed in Figure 3 and 3 x 10-9 M as calculated by others (S. Liang and M. Ptashne, pers. comm.). Thus, GAL4 binding to naked DNA is intrinsically weaker than HSF binding, yet GAL4 was less affected by nucleosomes. Nucleosomes did alter GAL4 binding, however, as the affinity of binding to a single GAL4 site was -100-fold lower on a nucleosomal template than on naked DNA {most clearly seen in Fig. 5 ; see also Fig. 3 ). Binding to five GAL4 sites had a 10-fold lower affinity on assembled templates ( of pUC-18) was included as before. Arrows mark sites that become protected specifically upon nucleosome assembly; asterisks (*) denote sites that become DNase hypersensitive. Note that these sites, which occur at 10-bp intervals, extend through the GAL4-binding site. Amounts of GAL4-AH added to the templates are defined in units (1 unit = 0.6 ng; see text and legend to Fig. 3 ). (B) A portion of the single GAL4 site (17-mer) probe. Symbols are the same as in Fig. 4C . The outer footprint brackets show the region protected by GAL4 on naked DNA; the inner brackets show that region on nucleosome-assembled templates.
3). Therefore, it appears that GAL4 can bind to five sites on nucleosomal templates -1 order of magnitude better than it binds to one site. It is important to note that this conclusion is tempered somewhat by our inability to measure rigorously affinity of GAL4 to one site and five sites under identical conditions. The most quantitative measurement of affinity of GAL4 to one site is accomplished by using positioned nucleosomes (Fig. 5 )--conditions that cannot be used for five sites because we are unable to position a nucleosome across all five sites. The most rigorous measure of affinity for five sites uses long templates (Fig. 3) where binding to one site is not homogeneous, resulting in a binding isotherm for one site that is difficult to interpret but that is consistent with lower affinity binding.
TFIID facilitates HSF binding to nucleosomal templates
The observed inability of HSF to bind to its site in a nucleosome is consistent with in vivo footprinting data suggesting that the HSE is free from nucleosomes in m a n y heat shock promoters (Wu 1980 (Wu , 1984 Keene et al. 1981; Costlow et al. 1985) . Interestingly, factors have been found to be bound constitutively to the TATA-cap region of the Drosophila hsp70 and hsp26 and h u m a n hsp70 promoters (Wu 1984; Gilmour and Lis 1986; Thomas and Elgin 1988; Abravaya et al. 1991) , raising the possibility that the TATA-binding factor (TFIID) alone, or the entire core transcription complex, might exclude nucleosomes from the nearby HSE. We used the nucleosome assembly system to test whether TFIID alone could facilitate binding by HSF.
The design of the experiment was as follows: Bacterially produced yeast TFIID (byTFIID) was bound to the naked template, which was then assembled into nucleosomes. For the template we placed the extended HSE 20 bp upstream of the h u m a n hsp70 TATA site, thereby mimicking the Drosophila hsp70 promoter. Subsequently, purified HSF was added to the nucleosomal templates, with binding assayed by DNase I footprinting (Fig. 6) . As no artificial positioning sequences were present, the assembled nucleosomes were not phased (Fig. 6, cf. lanes 1 and 2) , therefore recreating the presumed condition of the wild-type promoter. We tested two different concentrations of byTFIID in our protocol: 0.1 I~g did not give a complete footprint over the TATA element (lanes 5-7), whereas 0.2 p~g gave m a x i m a l protection (lanes 8-10). As noted above, HSF alone was unable to bind to the assembled template, even when 1000 units (100 ng) of purified protein was added (lane 4). However, when the TATA element was fully occupied with byTFIID before assembly, postassembly binding of HSF was greatly facilitated (cf. lane 8 with lanes 9 and 10), with a complete footprint resulting at 100 units of purified HSF. Interestingly, when only partial occupation of the TATA element by byTFIID was observed, HSF was unable to bind to all the nucleosomal templates, as only a partial footprint was observed even at 1000 units of HSF (lane 7). The direct correlation between the percentage of TATA boxes occupied by byTFIID on nucleosomal templates and the ability of HSF to bind to those templates suggests that specific binding of TFIID is required to facilitate binding of HSF to this nucleosomal promoter.
As a control we tested a promoter possessing a m u - Figure 6 . TFIID facilitates binding of HSF to nucleosomal templates. Bacterially produced yeast TFIID (byTFIID) was bound to 3000-bp templates (4 ng probe plus 100 ng of pUC-18 as carrier DNA) that either contained the wild-type hsp70 TATA site (lanes 1-10) or a mutant TATA site (lanes 11-13) adjacent to the extended HSE. Reactions in lanes 1-4 received no byT-FIID. Subsequently, the templates were assembled into nucleosomes (with the exception of lane 1, marked N, which was mock-assembled) with 200 ng of HeLa core histones. After assembly, purified human HSF was added to those lanes so marked. Amounts of HSF are shown (1 unit = 0.1 ng; see text and legend to Fig. 4A ).
Binding was assayed by DNase footprinting. (T) TATA site; (H) extended HSE. The extended HSE of the TATA mutant construct is located -60 bp farther away from the labeled restriction site than in the wild-type TATA construct.
tated TATA element for facilitated binding of HSF in the presence of byTFIID. As mentioned above, HSF could not bind to the HSE of this construct in the absence of TFIID (data not shown), although a partial footprint of HSF to this promoter was observed when 0.2 p~g of byTFIID was present (lanes 12 and 13), indicating that HSF binding is facilitated on some of the templates by TFIID in the absence of a TATA box. Thus, only partial facilitation of HSF binding is observed in the absence of a TATA box at a TFIID concentration that completely facilitates binding of HSF when the HSE is adjacent to a TATA box (cf. lanes 9 and 10 with 12 and 13). We believe that this activity of byTFIID in the absence of a TATA box reflects the well-documented ability of TFIID to bind to random D N A sequences (Hahn et al. 1990; Singer et al. 1990 ). These data imply that TFIID was able to exclude nucleosomes from the HSE and suggest an explicit model for how HSF binding to heat shock promoters is facilitated in vivo.
Discussion
Processes such as transcription, replication, and recombination all require DNA-binding proteins to function in the context of chromatin. An understanding of the ability of these proteins to bind to nucleosomal DNA is therefore critical to understanding these processes. Numerous studies imply that nucleosomes can affect D N A binding by proteins. In this report we examine the activity of two well-characterized transcriptional activators, h u m a n HSF and derivatives of yeast GAL4, when these proteins are confronted with their recognition sequences in nucleosomes. We demonstrate that nucleosomes have a dramatic inhibitory effect on the binding of HSF yet only moderately inhibit the binding of GAL4. Thus, different regulatory factors interact differently with nucleosomes. Despite these differences, the binding of both GAL4 and HSF to nucleosomal D N A can be facilitated; in the case of GAL4, by increasing the number of GAL4-binding sites; in the case of HSF, by adjacent TFIID binding. We argue that these mechanisms of facilitated binding of proteins to nucleosomal D N A play an important role in the regulation of gene expression.
HSF function
Our data indicate that h u m a n HSF has an affinity for its recognition sequence in a nucleosome that is at least 3 orders of magnitude less than for that site in naked DNA. Under the conditions used here, we were never able to observe even partial binding of HSF alone to the HSE in a nucleosomal context. This observation helps to explain the evolutionarily conserved open chromatin structure found in the promoters of the major heat shock genes. These genes play a critical role in the response of a cell to stress. Such a response must be rapid to ensure the viability of the cell, and HSF mediates this transcriptional response. Therefore, it follows that HSF must find and bind to a given HSE quite rapidly after stress induction. Given the data presented here, it is clear that the only way to ensure that HSF will bind rapidly to the HSE is for the cell to maintain that region in a nucleosome-free state. One proposed m e c h a n i s m for accomplishing this nucleosome exclusion is based on studies of the Drosophila hsp70 promoter, in which the HSE is located relatively close to the TATA box (Wu 1984) . This model suggests that the constitutively bound TATA factor TFIID, or a complex including that factor, is able to exclude nucleosomes. We demonstrate that the presence of TFIID alone on a nucleosomal template will facilitate the binding of HSF to a nearby HSE (Fig. 6) . The presence of TFIID increases the affinity of HSF for nucleosomal DNA by at least 2 orders of magnitude. Further experiments are required to determine whether TFIID has this effect because it displaces nucleosomes or uses some other m e c h a n i s m to render the D N A accessible to HSF.
Previous studies have suggested that upstream sequences are necessary in conjunction with the TATA box for creation of a complete nuclease hypersensitive (Costlow et al. 1985; Brown et al. 1988 ). Thus, factors other than TFIID are probably also involved in facilitating binding of HSF to certain HSE sequences in vivo. For example, we have found that binding of TFIID to the TATA box at -30 of the human hsp70 promoter does not facilitate binding of HSF to the naturally found HSE at -100 (data not shown). Facilitation of HSF binding to this sequence might require {in addition to TFIID) the upstream factors Spl and CP1, which bind between the HSE and the TATA box in this promoter and are required for constitutive (i.e., absence of heat shock) promoter function (Greene et al. 1987; Wu et al. 1987; Abravaya et al. 1991) .
GAL4 implications
In contrast to HSF, the derivatives of GAL4 bind quite readily to their sites in a nucleosome, albeit not as well as to naked DNA. As expected, GAL4 did not show any preference between one 17-mer and five such sites on naked DNA (Ka of -10-9 M), confirming that GAL4 does not bind cooperatively (Carey et al. 1990b) . Interestingly, when the templates were assembled into nucleosomes, the GAL4 proteins bound to a template with five sites with higher affinity than to a template with one site (Figs. 3 and 5) . Binding of GAL4 to a nucleosomal template is not a classical cooperative interaction as there are three components involved (GAL4, DNA, and histones). Rather, binding to five sites in a nucleosomal context is "facilitated" relative to a single site.
To explain the increased affinity of GAL4 to sequences containing two or five sites, we imagine that the GAL4 dimer might bind weakly to the most accessible 17-mer, thereby weakening the interaction between the nucleosome and adjacent DNA. This might increase the accessibility of the remaining GAL4-binding sites and thus facilitate binding. This hypothesis is supported by the dramatic hypersensitive sites on one side of the GAL4 footprint on nucleosomal DNA, indicating that this adjacent DNA is very accessible. Our gel shift experiments (Fig. 1A and B) suggest that GAL4 can form a ternary complex with a nucleosome. Experiments to determine whether this complex contains a complete histone octamer or only a fraction of the octamer have not yet been done.
At present, it is unclear whether the ability of GAL4 to bind to its site in a nucleosome is required for its transcriptional activation function in yeast (Chasman et al. 1990 ). However, the ability of GAL4 to bind to nucleosomes fits well with the characteristics of GAL4 transcriptional stimulation studied in vitro. For example, these in vitro studies have suggested that the GAL4-AH derivative may interact with and stabilize the binding of TFIID (Horikoshi et al. 1988) . Furthermore, both GAL4-AH and GAL4-VP16 can promote the formation of basal transcription complexes in competition with nucleosomes (Workman et al. 1991) . Thus, GAL4 seems to function early in the transcription initiation pathway. For GAL4 to play this role in vivo, it might well be required before TFIID binding (Selleck and Majors 1987) , and thus an ability to bind to nucleosomes may be critical.
Facilitated binding of transcription factors to nucleosomal DNA
HSF and GAL4 differ dramatically in their ability to bind nucleosomal DNA. However, both exhibit facilitated binding to these templates, suggesting that this might be a general means by which critical regulatory factors gain access to a promoter contained in nucleosomes. Furthermore, the data presented above argue that a variety of mechanisms are used to facilitate binding to nucleosomes. Previous studies have shown that the transcription factor NF1 is unable to bind to its site within a nucleosome that is positioned on the MMTV promoter. In contrast, the GR is able to bind to the glucocorticoid response element (GRE) on this promoter (Perlmann and Wrange 1988; Pina et al. 1990; Archer et al. 1991) . This binding has been proposed to rely on the rotational phasing of the nucleosome, although this has not yet been tested by altering that phasing. In vivo evidence has suggested that, upon hormonal induction, binding of GR to the GRE alters the nucleosome array to allow subsequent binding of NF1 and full transcriptional induction (Cordingley et al. 1987) . Although there is not yet direct evidence that GR can facilitate NF 1 binding, such facilitation may occur in a manner analogous to the facilitation of HSF by TFIID that we report here. Thus, facilitated binding to nucleosomes may be important in allowing numerous regulatory transcription factors to interact productively with nucleosomal promoter DNA.
Facilitated binding to nucleosomes may be relevant to enhancer function. For example, multiple GAL4 sites function significantly better as an enhancer than a single GAL4 site (Webster et al. 1988 ). This enhancer activity correlates with the binding activity of GAL4 on nucleosomal templates that we report here. Furthermore, facilitated binding fits well with the "enhanson" model for enhancer activity, which states that single transcription factor-binding sites that usually only function well in proximal promoter locations may function as distal enhancer elements when those sites are multimerized (Ondek et al. 1988) . These data have been interpreted as implying that multiple interactions between transcription factor activation domains are required for transcriptional stimulation to occur from a distance, and in vitro studies are consistent with the theory that there is an important synergy between activation domains (for review, see Lewin 1990 ). On the basis of the results we report here, however, it is possible that enhancers may use multimerized sites in part to promote facilitated transcription factor binding to these chromatin-embedded recognition sequences, thus allowing function of the attached activation domains.
Differential roles of DNA-binding domains in chromatin
Sequence-specific transcription factors have been de-scribed as "modular," that is, composed of two parts: a transcriptional activating domain and a DNA-binding domain. Activation domains have been studied intensively because they must interact with the general transcription machinery and therefore must play a critical regulatory role (for review, see Ptashne 1988; Mitchell and Tjian 1989; Lewin 1990; Ptashne and Gann 1990) . The DNA-binding domain, however, is generally thought to simply direct the factor to the appropriate promoter and tether it to the DNA to allow the activation domain to manifest its activity. It is clear from the binding titration experiments described here that HSF and GAL4, both inducible transcription factors, differ dramatically with respect to how their binding ability is affected by nucleosomes. Certainly then, these DNAbinding domains are more than merely targeting surfaces and thus should not only be categorized by structural characteristics (e.g., helix-loop-helix, leucine zipper-basic region), but by functional activity as well (i.e., ability to bind to nucleosomal templates). The ability, or lack thereof, to bind to nucleosomal templates can have a dramatic effect on the mechanism by which such factors stimulate transcription. It seems likely that, analogous to activation domain function, the DNA-binding domains of transcription factors will prove to have an important regulatory activity in determining the ability of a factor to function in cellular chromatin.
Materials and methods

Template construction
Plasmids were constructed by using standard techniques. Plasmids pGlhsp70-CAT (chloramphenicol acetyltransferase), pG2hsp70--CAT, and pGshsp70--CAT contain one, two, and five GAL4-binding sites, respectively, located 18 bp upstream of the human hsp70A TATA box. Plasmid pSH34--CAT contains the extended HSE fragment 17 bp upstream of the hsp70A TATA site.
Templates containing one and five GAL4-binding sites 23 bp from the artificial nucleosome-positioning sequence (GT; Shrader and Crothers 1989) were named pGT/GAL1 and pGT/ GAL5, respectively. The construct placing the extended HSE 28 bp from the positioning sequence was named pGT/EHSE. Templates that inserted 4 bp between the single GAL4 site or extended HSE and the positioning sequence were created by restricting the parent plasmids pGT/GAL1 and pGT/EHSE at XbaI, end-filling with Klenow, and ligating. These plasmids were named pGT/GAL1 + 4 and pGT/EHSE + 4. To delete base pairs between these binding elements and the positioning sequence, the parent plasmids were restricted at XbaI and digested with mung bean nuclease before ligation. The resulting plasmids were named pGT/GAL 1-5, pGT/GAL 1-10, pGT/EHSE-4, and pGT/EHSE-12.
Description of probes used in nucleosome assembly-binding reactions
All fragments were isolated from low-melting-temperature agarose (SeaPlaque, FMC Bioproducts), and 5'-end-labeled with Klenow.
For Figure 1 , A and B, a 170-bp fragment containing five GAL4 sites was created from pGshsp70-CAT. This probe contains HSF and GAL4 binding to nucleosomes five copies of the sequence 5'-CGGAGGACAGTACTCCG-3' (Carey et al. 1989) , starting 22 bases from one end.
For Figure 2A , a 195-bp fragment containing bases -188 to + 7 of the human hsp70A promoter was created from plasmid pAH-18 (Greene et al. 1987) . This fragment contains an HSE with 3 nGAAn repeats centered at -100. The sequence of the HSE is 5'-GGAATATTCCCGAC-3'. For Figures 2B and 4A , a 155-bp fragment with the extended HSE centered was isolated from pGT/EHSE. The same procedure was followed with plasmids pGT/EHSE + 4, -4, and -12 (Fig. 4B) , and for the appropriate pGT/GAL1 construct (Fig. 5A  and data not shown) . The sequence of the extended HSE is 5'-GGAGTCGAAACTTCTGGAATATTCCCGAACTTTC-3' (Greene and Kingston 1990) , and the sequence of the artificial nucleosome-positioning sequence (GT) is 5'-CTCGGTTTAGA-GCCTGTAAC-3' (Shrader and Crothers 1989) .
The 3000-bp linear probes were isolated from pGlhsp70-CAT and pGshsp70--CAT (Fig. 3) . In Figure 6 , pSH34-CAT and pSHSE/T (extended HSE/TATA mutant; Greene and Kingston 1990) were the parent plasmids for these probes.
Preparation of protein fractions
Xenopus heat-treated egg supernatants containing nucleosome assembly factors were prepared according to Laskey et al. (1978) . HeLa core histones (H2A, H2B, H3, and H4) were purified according to Stein and Mitchell (1988) . Frog erythrocyte histones (core histones plus H5 and HI) were prepared as described previously (Workman et al. 1988) . HSF was purified to homogeneity from HeLa cells with two affinity column passes (Schuetz et al. 1991) . The GAL4 derivatives and byTFIID were purified from expressing bacterial strains (Workman et al. 1991) . The concentration of these proteins was determined by the Bradford assay. HSF concentration was 0.1 mg/ml. The concentration of the byTFIID was also 0.1 mg/ml, but this preparation was -25% pure as judged from a silver-stained SDS-PAGE gel, leaving the effective concentration at 25 ~g/ml. The effective concentration of the GAL4-AH preparation, which was judged to be 95% pure, was 1.3 mg/ml. The effective concentrations of GAL4(1-94) and GAL4-VP16 (both judged -60% pure) were 0.8 and 0.29 mg/ml, respectively.
General nucleosome assembly-binding reaction conditions
Nucleosome assembly mixtures (10 ~1) consisted of heattreated egg supernatant (8 ~1; 0.4 mg/ml) and 2 ~1 of a histone dilution [dilutions were in TE (10 mM Tris (pH 8.0), 1 mM EDTA)] containing either 200 ng of HeLa core histones or 500 ng of frog erythrocyte histones (see figure legends). This mixture was incubated for 15 min at 20°C to allow the histones to bind assembly factors. Ten microliters of this mixture was added to an assembly reaction (final volume, 24 ~1) giving final conditions of 7 mM HEPES (pH 7.9), 4 mM Tris-HC1 (pH 8.0), 7% glycerol, 60 mM KC1, 70 ~M EDTA, 3.6 mM 2-mercaptoethanol, 1 mM MgC12, 100 ng carrier DNA (pUC-18 or nonspecific plasmid), and 0.05--4 ng of 5'-end-labeled fragment (see above). Nucleosome-assembly reactions were incubated at 30°C for 1 hr. Subsequent to assembly, 1 ~1 of purified HSF or GAL4 derivatives (at the amounts indicated in the figure legends) was added. The reactions were incubated for an additional 30 min at 30°C, and binding was assayed by mobility shift or DNase I footprinting (see below). Dilutions of HSF were done in 20 mM HEPES (pH 7.9), 20% glycerol, 100 mM KC1, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 0.5 mM benzamidine, 1 ~g/ml each of leupeptin, aprotinin, and pepstatin A; 0.1% NP-40, 5 mM noctylglucoside, and 0.1 mg/ml hemoglobin. Dilutions of the Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from GAL4 derivatives were performed in 20 mM HEPES (pH 7.9) 20% glycerol, 100 mM KC1, 0.2 mM EDTA, 10 mM 2-mercaptoethanol, 10 mM ZnC12, and 1 mg/ml of BSA. When the proteins were omitted, 1 ~1 of the appropriate dilution buffer was added instead.
Nucleosome assembly by salt dialysis histone transfer
Nucleosome core particles were prepared from HeLa cell HIdepleted chromatin essentially as described in Kornberg et al. (1989) . Twenty nanograms of labeled fragment was mixed with an amount of nucleosome cores containing 165 ~g of DNA in 100 ~1 and dialyzed against 200 ml of 2 M NaC1, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 0.5 mM PMSF for 4 hr at 4°C. Six hundred milliliters of 10 mM Tris-HC1 (pH 7.5), 1 mM EDTA, and 0.5 mM PMSF were then added at a rate of 40 ml/hr with a peristaltic pump over 15 hr. After an additional 2 hr of dialysis the samples were dialyzed against 0.1 M NaC1, 10 mM Tris-HC1 (pH 7.5), 1 mM EDTA, and 0.5 mM PMSF for 4 hr. The reconstituted samples were centrifuged for 5 min in a microcentrifuge, and the supematants were loaded on 5.4-ml 5-20% sucrose gradients containing 100 mM KC1, 10 mM HEPES (pH 7.5), 1 mM EDTA, and 100 ~m/ml BSA. After centrifugation at 29,000 rpm, 4°C for 20 hr in an SW55 rotor, 0.2-ml fractions were collected from the gradients and counted, and the llS nucleosome core peak fractions were pooled. In the experiment shown in Figure 2B , 5 ~1 of the pooled fractions was used per reaction corresponding to 0.13 ng of HSE-containing probe fragment and 1.1 ~g of nucleosome core DNA as reconstituted nucleosome core particles. For the naked DNA controls, the gradient-purified core particles were extracted with phenol, followed by chloroform, ethanol-precipitated, and resuspended in the original volume of gradient buffers such that the DNA and sucrose concentrations were equivalent to that in the purifiedcore particle preparations.
Nucleosome-binding assays
Mobility-shift analysis Nucleosome assembly-binding reactions were resolved on 4% acrylamide (40 : 1) gels in 0.5x TBE (45 mM Tris base, 45 mM boric acid, 1.25 mM EDTA). The running buffer was 0.5 x TBE.
DNase I footprinting Subsequent to the nucleosome assembly-binding reactions, 4 ~1 of a mixture consisting of 2 ~1 of 40 mM CaC12 (final concentration, 2.7 mM) and 2 ~1 of an RQ1 DNase I (Promega) dilution were added. Reactions lacking histones were digested with 0.2 units of DNase, whereas the assembled templates were digested with 2 units. Digestion times varied: Reactions with the 3000-bp templates were digested for 1 min at room temperature, whereas templates that contained artificial nucleosome-positioning sequences were digested for 2 rain at room temperature. The reactions were quenched with 2 ~1 of 0.5 M EDTA, extracted once with phenol/chloroform/ isoamyl alcohol, and ethanol-precipitated. The samples were dissolved in formamide with dyes and run on 0.4-ram-thick 5% (for 3000-bp templates) or 10% (for shorter templates) acrylamide/8 M urea sequencing gels. The wet gel was exposed to XAR film (Kodak) at -80°C.
Dissociation constant calculations
Mobility-shift titration experiments were quantitated to determine the percentage of HSF and GAL4 molecules in our purified preparations that were active for binding. The HSF preparation at 100 ng/~l was determined to be 95% active for binding, whereas the GAL4-AH preparation at 1.33 ~g/~l was 90% active for binding. HSF and GAL4-AH have molecular masses of 87 kD and 20 kD, respectively. Binding titrations assayed by DNase I footprinting were performed with both 3000-and 150-bp templates (0.5 fmole probe per 25 ~1 reaction). The amounts of protein required for a half-maximal footprint was determined by quantitating the footprint gels on a Betascope 603 blot analyzer (Betagen). Ninety-five picograms, or. 1 fmole, of HSF was calculated to be required for a half-maximal footprint. This yields a K a of -4 x 10-1! M. Note that this dissociation constant is close to the template concentration (2 x 10-~ M), so we cannot rigorously demonstrate that we are limiting for template in these experiments with HSF. Therefore, the 4 x 10 -~ M value should be taken as an upper limit on the dissociation constant for HSF. For GAL4-AH, a half-maximal footprint was calculated at 0.6 ng, or 30 fmoles. Thus, the K a for GAL4-AH is ~1.2 x 10 -9 M. Similar values were calculated for GAL4(1-94) and GAL4-VP16 (data not shown).
